prisingly, sre1 + is essential only for anaerobic growth, (Rawson, 2003) . Two genes code for three SREBP isoand sre1 + regulates genes required for adaptation to forms, named SREBP-1a, SREBP-1c, and SREBP-2. To hypoxia. Our data support a model whereby in low oxydate, SREBPs are known to activate transcription of gen, the Sre1-Scp1 complex senses a decrease in oxymore than 30 genes needed for uptake and synthesis gen-dependent sterol synthesis, leading to proteolytic of cholesterol, fatty acids, triglycerides, and phosphoactivation of Sre1 and transcriptional adaptation to lipids (Horton et al., 2002) . Activity of SREBPs is reguhypoxia. We therefore propose that Sre1-Scp1 function lated by sterol feedback inhibition, with SREBP being as an oxygen sensor in fission yeast. active in sterol-depleted cells and inactive when cholesterol accumulates.
Results SREBPs contain two transmembrane segments and are inserted into ER membranes in a hairpin fashion SREBP Pathway in Fission Yeast such that the N-and C-terminal ends of the protein proSequence searches failed to identify a SREBP homolog ject into the cytosol ( Figure 1A) . The SREBP N terminus in S. cerevisiae, but two genes homologous to human is a transcription factor of the basic helix-loop-helix-SREBP-1a, sre1 + and sre2 + , were identified in the fisleucine zipper (bHLH-zip) family, and the C terminus sion yeast S. pombe ( Figure 1A ). Despite low overall binds to the C terminus of SREBP cleavage activating sequence identity to SREBP-1a, the N-terminal doprotein, SCAP (Rawson, 2003) . SCAP is an ER memmains of Sre1 and Sre2 contain basic bHLH-zip DNA brane protein that contains eight transmembrane seg- Figure 2C , lanes 1 and 2 and 5 and 6) constructed scp1-Myc, a yeast strain that expresses (Rawson et al., 1999) . The inability to detect Sre1-N in Scp1 with a C-terminal 13xMyc tag from the endogescp1D cells was not due to reduced levels of Sre1 prenous scp1 + promoter. We purified Scp1 complexes cursor ( Figure 2C, lanes 11 and 12) . Interestingly, delefrom wild-type and scp1-Myc detergent cell extracts tion of ins1 + or sre2 + had no effect on Sre1 cleavage using anti-Myc antibody, and equal amounts of bound ( Figure 2C , lanes 7-10), indicating that Ins1 is not and unbound fractions were analyzed. Immunoblotting essential for ER retention of Scp1 in fission yeast. with antibody to the N terminus of Sre1 shows that In addition to blocking sterol synthesis, compactin greater than 50% of endogenous Sre1 is bound to inhibits formation of isoprenoids used to modify preScp1-Myc ( Figure 1D Table 1 lists the ten genes whose expression showed the greatest difference between wild-type and scp1D (Figure 3, top panel) . Surprisingly, expression of homologs to human HMG-CoA reductase (hmg1 + ), HMG-CoA cells. As expected, scp1 + showed the largest change because we were comparing wild-type and scp1D synthase (hcs1 + ), and fatty acid synthase (fas1 + and lsd1 + , the β and α subunits, respectively) was indepenstrains. The genes most highly upregulated by Sre1 included the following: hem13 + , a heme biosynthetic endent of sterol levels and Sre1 activity, as mRNA levels were unchanged under all conditions (Figure 3, botzyme; scs7 + and sur2 + , two genes required for hydroxylation of sphingolipids; and, importantly, erg3 + and tom panel).
To identify physiological targets of Sre1, we pererg25 + , two genes that code for enzymes acting late in the ergosterol synthesis pathway. In addition, Sre1 formed microarray analysis using mRNA isolated from wild-type and scp1D yeast grown in the presence of regulated its own expression as in mammalian cells ( In addition, Sre1-N completely rescued growth of scp1D, suggesting that, as in mammals, the essential function of Scp1 is to activate Sre1 cleavage. Transformation of an empty vector had no effect on growth. These results indicate that sre1 + and scp1 + are essential for anaerobic growth.
The inability of sre1D cells to grow anaerobically suggests that Sre1 may be activated under low oxygen conditions. Consistent with this hypothesis, sterol synthesis requires oxygen at multiple steps (Rosenfeld and Beauvoit, 2003), and Sre1 is cleaved in sterol-depleted Figure 4C shows that Sre1 activation occurred rapidly, starting at 30 min and increasing to 8 hr ( Figure  4C, upper panel) . The time course for induction of hem13 + and sre1 + mRNA mirrored that for Sre1 activation ( Figure 4C, lower panel) . hcs1
+ mRNA served as a loading control. Interestingly, Sre1 precursor levels increased over time, likely due to increasing levels of sre1 + mRNA. Given that the S. pombe cell cycle in these conditions is approximately 2.5 hr, these data demonstrate that Sre1 is activated in a physiological time course upon shifting to low oxygen.
To compare directly the response to low oxygen and compactin, we performed a similar experiment using wild-type cells treated with compactin. Sre1 activation occurred at 2 hr and increased to 8 hr ( Figure 4D) ; however, the magnitude of the response was reduced dramatically when compared to anaerobic induction. Again, levels of hem13 + and sre1 + mRNA paralleled activation of Sre1. Unlike low oxygen, Sre1 precursor levels decreased steadily over time and then increased at 8 hr, possibly due to the delayed increase in sre1 + mRNA. These data indicate that the cellular response to the physiological signal of low oxygen is more rapid and robust than pharmacological inhibition of sterol synthesis by compactin.
Sre1 Mediates Adaptation to Hypoxia
Collectively, our data are consistent with a role for Sre1 in adaptation to hypoxia. was not fully active (see Figure 6A , lanes 1 and 2 and 7 and 8). Wild-type yeast were labeled for 1 hr with 14 Cacetate in the presence of oxygen (20.9%) or immediincreased in 0.2% oxygen and was unchanged anaerobically (see Figure S1 in the Supplemental Data availately after shifting cells to low oxygen. After 1 hr, sterols were extracted and analyzed by thin layer chromatogable with this article online). This result confirms step 1 of the model and demonstrates that ergosterol syntheraphy. Ergosterol synthesis decreased 5-fold upon shifting cells to 0.2% oxygen and 30-fold upon shifting sis decreases upon shift to low oxygen.
Step 3 of the model hypothesizes that, upon Sre1 to anaerobic conditions ( Figure 5B, lanes 1, 2, and 6 ). This decrease in synthesis was not due to decreased activation, cells transition from an initial unadapted hypoxic state to a Sre1-dependent adapted state. In 14 C-acetate uptake, since overall acetate incorporation changed, indicating that the adaptive response required Sre1 ( Figure 5B, lanes 3-5) . Acetate incorporation was similar among these samples ( Figure S1 ). These data demonstrate that Sre1 is required for an adaptive increase in ergosterol synthesis.
To test whether this adaptive increase in ergosterol synthesis leads to reduced Sre1 activation ( Figure 5A,  step 4) , wild-type cells were cultured for increasing time either in 0.2% oxygen or anaerobic conditions. Samples were phosphatase treated prior to immunoblotting. The kinetics of Sre1 activation were similar between 0.2% oxygen and anaerobic conditions ( Figure  6A ). However, in 0.2% oxygen, Sre1 activation was transient, increasing by 4 hr and then decreasing by 8 hr ( Figure 6A, lanes 1-6) . The duration of transient Sre1 activation at 0.2% oxygen varied between experiments, likely due to instability of the hypoxic workstation (±0.1%) and resultant variations in sterol synthesis. As shown previously, under anaerobic conditions, Sre1 activation steadily increased to 8 hr ( Figure 6A, lanes 7-12) . This failure to reduce Sre1 activation anaerobically correlated with low levels of ergosterol synthesis in the adapted state ( Figure 5B, lane 7) . These data are consistent with step 4 of the model, in which feedback inhibition limits Sre1 activation under conditions of increased ergosterol synthesis.
Step 4 of the model also predicts that addition of sterols to cells should block cleavage of Sre1. However, addition of ergosterol, cholesterol, or 25-hydroxycholesterol, a potent inhibitor of mammalian SREBP cleavage (Wang et al., 1994) , had no effect on Sre1 cleavage would have a sufficient supply of sterol, but products size oxygen-dependent products despite the hypoxic from other oxygen-dependent reactions would be limitenvironment. Cells lacking Sre1 cannot adapt, and thus ing. Collectively, these results support the model outsynthesis of oxygen-dependent products will remain at lined in Figure 5A in which Sre1 and Scp1 monitor oxyunadapted levels. To test this prediction, ergosterol gen-dependent sterol synthesis as an indirect measure synthesis was assayed as above in wild-type and sre1D of oxygen supply and control adaptation to hypoxia. cells either immediately after shifting cells to low oxygen (unadapted) or after 4 hr of hypoxic preconditioning (adapted). In the unadapted state, ergosterol synDiscussion thesis was similar between wild-type cells and sre1D cells ( Figure 5B, lanes 2 and 3) , indicating that Sre1 is
In the current study, we describe a eukaryotic oxygensensing mechanism that requires the SREBP pathway. not required for sterol synthesis under these conditions. In the adapted state, ergosterol synthesis in wildOur data in fission yeast suggest that Sre1 and Scp1 monitor oxygen-dependent sterol synthesis as a meatype cells increased 5-fold, equaling that seen under aerobic conditions ( Figure 5B, lanes 1 and 4) . Imporsure of oxygen availability and control a transcriptional program required for adaptation to hypoxia. In this tantly, in sre1D cells, ergosterol synthesis was un- Figure 5B ), (4) Sre1 is activated in low served in Scp1. Deletion of ins1 + had no effect on Sre1 activation, suggesting that a redundant protein or oxygen ( Figure 4C ), (5) Sre1 activates genes required for adaptation to hypoxia (Figure 4B ), and (6) Sre1 actimechanism exists to regulate ER exit of Sre1/Scp1 (Figure 2C) . While the function of Ins1 is unclear, the presvation is required to restore aerobic levels of sterol synthesis under low oxygen conditions ( Figure 5B ). In this ence of each component of the SREBP pathway in fission yeast, sre1 + , scp1 + , and ins1 + , makes S. pombe an study, we measured the effects of Sre1 activation on sterol synthesis, but we speculate that other Sre1-ideal genetic model for future studies of sterol homeostasis. dependent pathways such as heme and sphingolipid synthesis will respond similarly.
Microarray expression analysis of sterol-depleted yeast reveals that Sre1 and SREBP regulate overlapping but Cholesterol exerts feedback control on activation of SREBP in mammalian cells (Rawson, 2003) , and our distinct sets of target genes (Table 1) (Figures 5B and 6A) . However, under anaerobic conditions in which ergosterol synthesis was severely imheme and sphingolipid synthesis (Table 1) . Importantly, Sre1 also activates transcription of pfk26 + and osm1 + , paired, Sre1 was not downregulated. The kinetics of Sre1 activation in both conditions was rapid, suggesttwo genes involved in the transition from respiration to fermentation that occurs in limiting oxygen conditions. ing that low oxygen is a physiological signal for Sre1. Interestingly, pharmacological inhibition of sterol synCollectively, these results suggest that Sre1 may play a broad role in adaptation to hypoxia. thesis by compactin showed a delay in Sre1 activation compared to low oxygen (Figure 4) . These two treatThe discovery of SREBP in fission yeast but not budding yeast suggests that S. cerevisiae has non-SREBP ments affect ergosterol synthesis at different points. Compactin inhibits an early step in ergosterol synthemechanisms for regulating sterol homeostasis and adaptation to hypoxia. Indeed, the S. cerevisiae transis, whereas low oxygen affects five independent reactions late in the ergosterol pathway. Thus, compactinscription factor Upc2p stimulates expression of ergosterol biosynthetic and sterol uptake genes in steroltreated cells may continue to synthesize ergosterol from preexisting intermediates, while hypoxic cells may depleted cells ( closely related to S. cerevisiae, suggesting that these genes were lost from a common ancestor. Insomuch as 1999), both proteins lack a sequence required for required for adaptation to hypoxia in fission yeast.
[Calbiochem], 10 g/ml leupeptin, 2 g/ml aprotinin, 5 g/ml pepBased on these findings, we propose that SREBP and washed sequentially at RT for 5 min each with 2× SSC, 0.2% (w/v) SDS; 2× SSC; and 0.2× SSC. Slides were scanned using a GenePix Gene Deletions and Epitope Tagging 4000B scanner, and data were analyzed using GeneSpring 6 soft-S. pombe strains sre1D, scp1D, sre2D, and ins1D, lacking the entire ware (Silicon Genetics). open reading frame, and scp1-Myc were generated from wild-type haploid yeast (KGY425) by homologous recombination using established techniques (Bahler et al., 1998) . Oligonucleotide seErgosterol Synthesis Assay To measure ergosterol synthesis, cells grown in YES were collected quences used to generate the PCR fragments are listed in Supplemental Data (Table S1) .
by centrifugation and resuspended in either oxygenated or hypoxically conditioned YES containing 2 Ci/ml 14 C-acetic acid sodium salt (110 mCi/mmol), such that cell density at harvest was 1 × 10 7 Low Oxygen Culture Conditions For plate assays, yeast grown in YES (5 × 10 3 cells) were spotted cells/ml. Cultures were then shaken at 30°C for 1 hr in normoxia, 0.2% oxygen, or anaerobically using an Invivo 2 400 hypoxic workonto YES agar. Anaerobic growth conditions were maintained using a BBL GasPak Jar and an anaerobic system envelope (Becton station. To measure ergosterol synthesis during the adapted hypoxic response, cultures were grown in 0.2% oxygen or anaerobiDickinson). For Sre1 hypoxic cleavage assays, cells were grown in YES and collected by centrifugation, and oxygenated medium was cally for 4 hr prior to addition of label. After 1 hr of growth with the label, acetate uptake was halted by addition of 10 mM sodium removed by aspiration. Cell pellets were resuspended in 5 ml of deoxygenated YES inside an Invivo 2 400 hypoxic workstation (Bioazide. Yeast (5 × 10 7 cells) were collected by centrifugation, and pellets were resuspended in 9 ml of methanol followed by addition trace, Inc.). Anaerobic conditions were maintained in the workstation using 10% hydrogen gas with balanced nitrogen in the presof 4.5 ml of 60% (w/v) KOH. using nitrogen gas to a final volume of 25 l and applied to Silica
